Abstract. The mean potential energy of the Iithosphere Ur is useful for defining the tectonic reference state (TaS) of the Earth and can be used to constrain Lheambient state of stress in the plates. In the absence of external forces applied at the base or along plate boundaries a lithospheric column with the potential energy of the TRS would remain undeformed. Thus the difference between the potentiaJ energy of a lithospheric column and the TRS determines whether the column is in an extension ai, neutral, or compressional state of stress. We evaluate U¡u and intraplate variations about this mean, using a simple, first-order lithospheric density model. This model assumed that the continentaJ geotherm is linear, and density variations below a depth of 125 km have negligible influence on UIJ, and is consistent with observed geoid anomaJies across continental margins. ul is estimated to be 2.379 X 1014 N rn-l, which is equivalent to the potential energy of both near sea level continentallithosphere (-160 to +220 m for an assumed crustal density, pc, in the range 2800 -2700 kg m-3 ) and cooling oceanic lithosphere at a depth of 4.3 km. With the exception of Eurasia, which has anomalously high mean potential energy (Ur = 2.383 x 10 11 N m -1), the mean potential energies of the continental plates are nearly identical to the global mean uf. The mean potential of the oceanic plates was found to be a strong function of the mean age of the oceanic lithosphere. Both the global and plate mean potential energies are relatively insensitive to a wide range in Pc. The potential of the mid-ocean ridges (Ur ÜR ),
Introduction
Lateral densiLy variations in the lithosphere have lang been associated with variations in lithospheric gravitational potential energy and are recognized as an important source of intraplate stress and associated deformation (e.g., Frank, 1972; Artyushkov, 1973; Lisier, 1975; Molnar and Tapponier, 1978; Houseman, et al. 1981; En gland and M cK enzi e, 1982; Fieifout and Froi deva ux, 1982, 1983; England, 1987; Zhou and Sandi/ord, 1992] . The excess potential energy associated with high topography [Molnar and Lyon-Gaen, 1988J and mid-ocean ridges [Parsons and Rtchter, 1980; Dahlen, 1981] has been used to explain the extensional nature of these features.
We postulate that information about the mean poLenLialenergy of the lithosphere U¡ provides a way to understand the tectonic state of stress (compressional, neutral, or extensional) at both global and plate scales. In attempting to understand the stress associated with gravitational potential energy variations, it is useful to first define a tectonic reference state (TRS). In gen-,"ra.!, a lithospheric column in potential and isostatic balance with the TRS will remain undeformed in the absence of external forces. We assume that the reference lithosphere is isostatically compensated at or beneath its base. Isostasy does not specify a complete force balance, however, and it has often been assumed that the reference continental lithosphere is in potential energy balance with mid-ocean ridges [e.g., Tu1wlle et al., 1977; McKenzie, 1978; Le Pichon and Angelier, 1979; Cochran, 1982; Le Pichon, 1983; Turcotte, 1983; Grough, 1983; Houseman and England, 1986; Sonder et al., 1987; England and Houseman, 1988, 1989; Zhou and Bandi/ord, 1992] . The extensional nature of mid-ocean ridges, however, implies that they are in a state of excess potential energy, and it would be more appropriate to define the TRS in terms of U/.
The principal aim of the present study is to provide an approximate formulation for the potential energy distribution of the lithosphere at both global and plate scales in order to constrain the TRS. The main difficulty with addressing the potential energy of the Earth's lithosphere arises from uncertainties in our knowledge of the density structure, particularly in the continental crust, and one of our main aims is to assess the sensitivity of our estimates of both global and plate mean potential energy to such uncertainties. Our calculations are based on a simple, first-order model of the lithosphere which reflects density variations associated with topographic features at a F X l°resolution. We have extended our initial estimates [Richardson and Coblcntz, 1992] by the use of a more realistic density structure for the lithosphcrc based on the assumption of a linear geotherm, using reference densities for the crnst and mantle that satisfy constraints imposed by observed geoid anomalies across continental margins. We discuss some insights into the origin of the stress fields of plates with active mountain belts by utilizing the concept of the TRS. Finally, we eva,luate the corrdatioll between the torque poles associated with the potentiaJ energy distributions and the observed plate velocity poles for the individual plaies.
Tectonic Stresses due to Lateral Density Variations
On a global scaJe, horizontaJ stresses due to lateral density variations are known to be a major contributor to the intraplatc stress field through ridge push, which is one of the principal driving mechanisms for plate tectonics. This force arises from the cooling and thickening of oceanic lithosphere with age and has been estimated to be of the arder of 3 x 10 12 N m-1 of ridge length [Frank, 1972; Lister, 1975; Parsons and Richter, 19S0J. Note that since ridge push arises from lateral density variations within the oceanic lithosphere, it is an intraplate source of stress rather than a plate boundary force [Frank, 1972] . The results of a number of studies have confirmed the relationship between the ridge push force and intraplate stress orientations [e.g., Richardson et al., 1979; Richardson and Cox, 1984; Richardson and Reding, 1991; Wortel et al., 1991; Richardson, 1992] . The slab pull force also arises from density variations but, in this case, between subducted lithosphere and the surrounding sublithospheric mantle. The fact that the global intraplate stress data set [Zoback et al., 1992] of over 8000 stress indicators is dominated by compressional and strike-slip indicators implies, however, that the surface plates do not feel the large slab pulL. This is consistent with a large, oppositely directed slab resistance acting locally on the slab [Forsyth and Uyeda, 1975] . Thus while slab pull is an important component of the driving mechanism, other processes such as lateral density variations within the plates play a central role in nature of the intraplate stress field.
An example of these other processes includes the buoyancy force due to crustal density variations associated with high topography and continental margins. The buoyancy forces associated with the generation of high topography in continents can be several times larger than the ridge push force [e.g., Fleitout and Froidevaux, 1982, 1983; Molnar and Lyon-Caen, 1985; Fleitout, 1991; Zoback and Mayee, 1991; Sandiford and Powell, 1990, 1991; Zhou and Sandiford, 1992] and are thought to be responsible for the normal stress regime in regions such as the Altiplano and the Tibetan plateaus. Similarly, stresses arising from lateral density variations at passive continental margins can perturb the regional stress field and locally alter the tectonic style of deformation [Coblentz and Richardson, 1992J. 
Gravitational Potential Energy of the Lithosphere
The gravitational potential energy per unit area of a colurnn or material U above a given depth z is given by the integral of the vertical stress CT"" from z to the surface h [e.g., Mo/nar and Lyon-Caen, 1985J ¡ h lh h
where pez) is the density at depth z; h is the surface elevation; and [J is the gravitational at.oel~r1l.tion. Thp otential energy of the lithospheric column UI is defined by (1) when z corresponds to the equipotential surfacc at which the lithosphere is compensaied Ziso. For the purpose of t.his study it is ]JsefllI to define the mean potential energy of the lithosphere at both the globaJ scale U l g and the plate scale Ur. Because the lîthosphere can be considered to be in isostatic equilibrium for wavelengths greater than a few hundred kilometers [Kau/a, 1970 [Kau/a, , 1972 Thrcotte and McAdoo, 1979; Sandwell and Smith, 1992] , horizontal stresses can be directly related to the vertical density disiribution [Haxby and Turcotte, 1978; Dahlen, 1981] 
where z is the depth; L is the lithospheric thickness; and CTxx is the horizontal strcss averagcd over the thickness of the lithosphere, relative to a reference state against which the Ll p is measured. Equation (2) shows that the mean horizontaJ stress is related to the locaJ dipole moment of the density distribution M
Using the definition of gravitational potential energy in (1), the horizontal stress can be expressed in terms of the potential energies (4) where flUI is the difference between the potential energy of the local lithospheric column U¡ and the po~en-tial energy of some column defining a reference tectonic state Ur
t:J.U¡= U¡ -Ur
To a good approximation, geoid anomalies in isostaLically compensated regions can also be related to the density moment [Haxby and Turcotte, 1978; Turcotie and Schubert, 1982J . Thus the geoid height anomaly provides valuable, independent information which can be used to constrain the density distribution within the lithosphere. The geoid anomaly C¡W be expresscd as [Tun; ott e and S eh ubert, 1982J '2'1rG ¡L
where G is the gravitational constant. ß N can be rewritten in terms of the potential energy differences
As will be seen later, the relationship between the geoid height anomaly and lithospheric potential energy gradients provides an important constraint on the density structure of the continental lithosphere. These simple linear expressions are a good approximation when the density anomalies are in isostatic equilibrium, as is assumed in the present study.
Lithospheric Density Models
The caknlation of U¡ requires information ahout the density structure of the lithosphere about which there is c.onsiderable uncertainty, particularly in the contiIle!ltal crust. The purpose here is to devise a firstorder view of the potential energy distribution, and thus a very simple density structure was assumed (in defense of the simplistic assumptions it will be shown that the main results are robust to the principal uncertainty, which is the reference density for the continental r.rust Pc). For the purpose of the present study t.he lithosphere has been categorized into four principal types (young oceanic, oceanic basin, submerged continent, and exposed continent) based on global topographic (ETüpa5 [National Geophysical Data Center, 1988] ) and seafioor age information [Royer et al., 1992] .
For each of these lithospheric types a thermally stabilized mantle lithosphere was assumed, and simple density distribution appropriate to a linear geotherm was used, with thc dcnsity of the crust defined by
and in the mantle lithosphere
where Pc and Pm are the crustal density and mantle densit.y, respectively, at T¡, the temperature at the base (5) of the lithosphere; and av is the thermal expansion coefficient. Because the average surface elevation of the lithosphere at length scales appropriate to local isostatic compensation reflects the local density structure of the lithosphere, the lithospheric density structure for each of the four lithospheric types has been formulated in terms oftopography (or bathymetry), with a few simple assumptions about the nature of Îsostatic mechanism (see appendix A). The density distribution for the lithosphere is based on the following assumptions: (1) the lithosphere columns are in local isostatic equilibrium, and (2) the contribution to the potential energy variations from lateral dcnsity variations beneath a depth of 125 km below sea level is negligible. Therefore it is assumed that the equipotential surface appropriate to global isostatic compensation Ziso is 125 km below sea level. This is equivalent t,o assuming that the thickness of the lithosphere is about 125 km [Turcotte und McAdoo, HJ79; Morgan and Smith, 1992J . Further constraints used for the lithospheric types are described below.
Young Oceanic Lithosphere
For the purposes of thc present study, young oceanic lithosphere was assumed to predate the end of the Creataceus normal megapolarity epoch at 84 Ma, which approximately corresponds to thc agc where the subsidence of occanic lithosphere is not predicted by Lhe half-space cooling model [e.g., Tarcotte and Schubert, 1982; Morgan and Smith, 1£192] .
The potential energy for a lithosphcric column of young oceanic material was calculated assuming that the thickness of the oceanic crust is constant. Consequently, variations in bathymetry are correlated with variations in the thickness of the lithosphere (where the base of t.he lithosphere is defined by the intercept of the lithospheric conductive geotherm and the mantle adiabatic temperature T¡). At the ridge the thickness of the lithosphere is assumed to be that of the oceanic <.:rust. The bathymetry of normal oceanic ridges is assumed to be :J.5 km. The oceanic crust is assumed to have a thickness of 7 km [White et al., 1992J and a density of 2960 kg m-3 at the refereno::etemperature li. The density of the asthenosphere constrained by Pratt isostacy was constrained to be 3238 kg m-
.
The effects on mantle density of melt extraction from the l]pper part of the mantle during the formation of the oceanic crust have been ignored in this formulation [e.g., Oxburgh and Parmentier, 1977J. (7)
Oceanic Basin
The ocean basins were assumed to have a constant lithospheric thickness with base at depth 125 km below sea level (= Ziso), consistent with the thermal plate model [Parsons and Selater, 1977J . To account for potential energy variations associated with anomalously shallow regions of the ocean basins such as seamounts, variations were aLLowedin thickness of the oceanic crust to preserve local isostatic balance with the mid-ocean ridges.
Continental Margins
In this formulation the lithospheric density structure for the su bmer ged continenLal margins (oceanic regions close to the continents with bathymetry less than 2000 m) and exposed continents differs only in the incorporation of the contribution of the water column in the former. In both cases, variation in topography (or bathymetry) is assumed to reflect variations in crustaI thickness assuming the ba..<;eof the lithosphere, at TI, is fixed at Ziso = 125 km depth. This formulation represents a significant approximation, since the elevated topography in some areas of the continents is likely compensated by anomalously hot mantle rather than thick crust, as for example, in the Basin and Range Province of the western Uni ted States. In appendix B it is shown that for regions of continents with elevated topography, of the order of 1 -3 km above sea level, the assumed mechanism of isost.atic slIpport, whether it be variation in the thickness of the mantle lîthosphere or of the crust, results in only minor variations in the potential energy of the lithospheric column, and t.herefore this approximation does not significantly affect the results. A significant uncertainty regarding the continental lithospheric density structure pertains to the crustal density Pc, which is known to be heterogeneous across a wide range of scales. As described in the following section, the density of the continental crust Pc relative to oceanic lithosphere is constrained by modeling the observed geoid anomalies across the ocean-continent margms.
Representative lithospheric columns for each of the lithospheric types are shown as Figure 1 . Each 10 x 1 0 region of the Earth's surface was categorized as one of the four Lithospheric types (on the basis of age in the oceanic regions and on bathymetry in the case of continental margins) and U¡ was calculated by evaluating (1) for the appropriate topography (or bathymetry). The parameters used to evaluate U¡ are listed in Table 1 [ Parsons and Sdater, 1977; Turcotte and McAdoo, 1979; Turcotie and Schubert, 1982] . The full expressions used for the calculation of the potential energy for each of the lithospheric types are given in appendix A.
Constraint on the Density of the Continental Crust
The strong dependence of U¡ OIl the near-surface density distribution makes it critical to constrain the value of Pc. Figure 2 shows that this dependence of U¡ on Pc is particularly strong for continentaJ lithosphere with high elevation.
For lithospheric columns supporting 4 km of elevation this difference in potential energies amounts to 6.7 X 10 12 N m-I for pc equal to 2600 and 2900 kg m-3 , respectively, but diminishes to only 1 x 10 12 N rn-i for lithospheric columns supporting 1 km of elevation. Indeed, the recognition of the sensitive dependence of the pot.ential energy on Pc for lithosphcric columns supporting high elevation led England and Mo/nar [1991] to suggest that it was pointless to attempt direct calculation of potential energies from topography alone, as is proposed here. While this dependence of U, on Pc does have important conseqlJences for the range in intraplate potential energy which dictates the magnitude of the local lithospheric stress state, it will be shown that it has a relatively small a,ffed on the global and plate mean potential energies uF, due to the relatively small amount of elevated topography greater than 1 km.
While admitting there may be considerable regional variation in crustal density values within the continents, one way to constrain typical mean crustal densities is to use independent information from geoid anomalies [e.g., Turcotte and Schubert, 1982J. As discussed above (e.g., (5)), the geoid anomaly can be directly related to the local dipole moment of the density-depth distribution and thus provides an independent constraint on Pc' The geoid anomaly across passive Atlantic-style continental margins has been estimated to be about 6 m [Haxby and Turcotte, 1978; Turcotte and McAdoo, 1979; Turcotte and Schubert, 1982; Coblentz and Richardson, 1992] .
Predicted geoid anomaly across the continental margin calculated from (5) for pc in the range of 2600 to 2900 kg m-3 are listed in Table 2 . There is close agreement between the observed and predicted geoid anomaly for a value of pc in the range of 2700 to 2800 kg m-3 . Unless otherwise stated, a value of 2750 kg m-s for PG is used in the foLLowing calculations.
Global-Scale and Plate-Scale Lithospheric Potential Energy Estimates
Global bathymetry and topography information was obtained from the ETOP05 topographic data set. The average bathymetry or topography was calculated for surface elements of dimension 10 x 10 (about 12,300 km '2 at the equator). Thus the effect of isolated seamounts and other anomalous topographic features on the mean elevation can be considered to be negligible. While the bathymetric information in the ETOP05 data set has been shown to contain large errors [Smith, 1993] , the use of the average bathymetry within 10 x 10 windows minimizes the effect of these errors on this analysis. Histograms of the topographic distributions for the entire Earth and the seven major plates (Africa, Eurasia, Indo-AustraJia, North America, South America, Pacific, and Nazca) are shown in }~igure 3a, while the surface areas, average elevations, and percentages of the plates composed of young oceanic, old oceanic, continental margin, and exposed continentallithosphere are listed in Table 3 . and topography.
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The topographic distribuÜons for the Earth and the majority of the continental plates (Africa, Indo-Australia, North Amcrica, and South America) arc strongly bimodal, reflecting the relative proportion of continents and oceans (conLinental topograpllY lias a. mean elevation of several hundred meters, while oceanic bathymetry has a mean depth of about -4 km). The anomalous amount of topography between O and 2 km for thc African plate reflccts thc elevated topography associated with the East Africa.n rift [Casenave el al., 1989; Anderson, 1989J . The Eurasian; Pacific, and Nazca plates show anomalous topographic distributions. The Eurasian plate is dominated by continent (63%) and continental margin (23%) with very little deep oceanic areas (less than 6%). As a result, the mean elevation for thc plate is anomalously high (about 200 m above sea level). In addition, the mean elevation of the continental part of the Eurasian plate is nearly 1 km, rcflecting, in part, thc influcnce of the Tibetan plateau topography. While the Pacific and Nazca plates are both oceanic plates, they have significantly different topographic distributÎons.
The Pacific plate is dominated by old, deep basins (50%), while t,he Nazca plate is principally young, cooling oceiLnÎc lithosphere (92%). As discussed below, the varied topographic distributions of the seven major plates is responsible for some significant differences in their respective mean potenLial energies.
Histograms of U¡ for the Earth and the seven major plates arc shown in Figure 3b_ The va.ried topogra.phic distributions of the plates produce significant variations in their potential energy distributions.
Importantly, the potential energy distributions do not share the dist,inctive bimodal distribution of topograpllY, due to t.he fact that for a giveIl surface elevation, ocean lithosphere has much greater potential energy than continental lithosphere. VVith the exception of the African and Pacific pliLtes, the plate-scale potential energy distributions are characterized by il. sharp peak near the mean potential are listed in Table 4 . Table 4 highlights the fact that the potential energy means at both the global and the plate scales are insensitive to the assumed conLinental crustal deosi ty pc. The greatest sensitivity is shown by the Note thaL the mid-ocean ridges and regions of the continents with significant elevated topography have potenLial energies greater thau Lhe global mean, while the oceanic basins are potential energy lows. Table 5 ). The unimodal potential encrgy distributions of the major plates reflect this similarity in the potential encrgy of cooling oceanic lithosphere and near sea level continentallithosphere.
Thc sharp'peak in the potential encrgy distribution for the Pacific plate near 2,36 x 101~?-r m-I reflects the large amount of deep ocean basin in the plate.
In general, the mean potential energy of the conti- is slightly lower than the other continentaJ plates, due to its relatively large proportion of oceanic surface area (60%). The means of the subsets of the continental plates incorporating only those regions exposed abo~sea level (see Table 4 ) is 811 hstantially greater than Ul but, importantly, is still less than the potential energy of Lhe mid-ocean ridge. The oceanic plaLes, represented by the Pacific and the Nazca plates, have signilicanLly different mean potential energies. The mean for the Pacific plate (Ur ::: 2.371 X 10 14 N m-I), which is dominated by old oceanic lithosphere, is much lower than uf. In contrast, the mean for the Nazca plate (Ur =-2.382 x 10 14 N m-I), which is dominated by young oceanic lithosphere, is much greater than UF. Thus on the global scale the mean potential energy of the Pacific and Nazca plaLes are anomaJously low and high, respectively.
Discussion and Conclusions
We have demonstrated the important correlation between potential energy variations and major topographic features of the Earth. The oceanic ridges are features with an excess potential energy 12 N m-I, respectively. We note that the magnitude of the potential energy of continental lithosphere with elevated topography is particularly sensitive to the assumed crustal density, and thus quantitative estimates of the excess potential energy of regions with high topography are significantly less robust than our estimaLes of the mean poLential energy at the plate and global scale. For a reference continental crustal density of 2750 kg m-3 the global range in potential energy estimated at the 10 x 10 scale is estimated to be about 11 x 10 12 N m-I, with the high corre- In order to evaluate the relationship between potential energy variations and continental deformation, it is necessary to assess the strength of the continental lithosphere. Relatively little is known about the absolute strength of the lithosphere and how such strength is distributed with depth [e.g., Zoback et al., 1993J. Laboratory-based strength estimates predict very heterogeneous strength distributions, with discrete strength maxima associated with compositional and rheological strfttification within the lithosphere [Brace and Khoistedt, 1980] . The strength of the lithosphere is dependent on both the lithological constitution and the thermal regime, both of which are known to vary widely. On the basis of such laboratory estimates a number of workers [e.g., Houseman and England, 1986; Kushnir and Park, 1987] have suggested that the extensional strength of the lithosphere at the limit of geologically significant strain rates is of the order of 3-4 x 1O!2 N m-l. More recently, Kushnir [1992Jargued that extensional strength may be considerably reduced, possibly to as little as 2 x 10 12 N m-I, due to the visco-elastic amplification of stresses in the lithosphere. Estimates of the upper-crustal strength inferred from stress measurements in the KTB (Continental Deepbore Drilling Program) wellhole in Germany show that the cumulative force needed to deform crusta! material is in the range of 2-5 x 10 13 N m-1 (Zoback et al., 1993) . Although such estimates are hip;hly uncertain, we note that these strength estimates are of the order of the potentiaJ-variations predicted in this study. 
Potential Energy Torques
The influence of lateral density variations on the lithospheric stress field is proportional to the density moment of the mass dipole formed by the mass anomaly, with positive mass anomalies producing tectonic compression [Fleitout, 1991 J. The contribution of potential energy variations within the líthosphere to the totaJ torque acting on the plates was caJculated by using the "moment law" in a plane stress finite element analysis. This was accomplished by applying a basal shear force to each element proportional to the horizontal gradient ofthe locaJ dipole moment (which is proportional to UI, see (3) and (4)) [Fleitout, 1991; Richardson and Reding, 1991] . For plane geometry this force can be expressed as
where L is the thickness of the lithosphere¡ M is the density moment; and :x and {JéJ y are the partial derivative with respect to x and y, respectively. The resulting torque is calculated as (10) T = rxF (11) where r is the radius position vector, and F is the force acting on the plate. The total torque acting on the plate is found by integrating T over the surface of the plate. Calculating the torque acting on the plates owing to potential energy differences provides a way of quantifying the importance of these differences within the plate. The total torque contribution from the potential energy distributions within the plates is plotted in Figure 5 for three cases: (1) mid-ocean ridges aJone; (2) topography alone; and (3) all potential energy sources. The totaJ torques and angular misfit between the torque poles and the absolute plate velocity poles [Minster and Jordan, 1978; Gripp and Gordon, 1990J are listed in Table 6 .
Whereas the mean potential energies of the plates (see Figure 3) are inherently clustered about the global mean potential energy, Figure 5 demonstrates there is significant variation in the relative torque contributions from the potential energy distributions within the individual plates. Torques associated with the mid-ocean ridges exceed 4 x 10 25 N m-I for the plates with a significant amount of mid-ocean ridge (i.e., the North and South American, Nazca, Indo-Australian, and Pacific plates) Torques a,.<;sociated with the continental topography are typicaJly about 2.5 x 10 25 N m-I and are considerably smaller than the ridge torques. The angular misfit between the absolute plate velocity azimuths and the ridge torques is considerably less for plates with large potential energy torques (i.e., less than 25°for the South American, Nazca, Indo-AustraLían and Pacific plates). The low total ridge torque for the African plate reflects the circular geometry of the plate and the fact that since (9) the plate is nearly surrounded by mid-ocean ridges, the torque due to the ridge force nearly cancels. The weak correlation between ridge torques and plate velocitics was originally pointed Ollt by Forsyth and Uyeda [1975J. There is little correlation between Lhe topography torques and the absolute plate velocities. Furthermore, the angular misfit between the torque and velocity poles is very large for the topography torques, in excess of 90°for most of the plates. While topographic forces are certainly an important sources of stress, it is clear that mid-ocean ridge torques play a more important role in the plate-scale dynamics. This observation supports the notion that ridge push forces arc an important component of the driving mechanism and global intraplate deformation [Richardson, 1992J. The strong correlation between the potential energy distributions and plate velocities, at least for the fast moving plates, supports the argument that the absolute reference frame is determined by the surface plates themselves rather than subLithospheric flow.
In order to facilitate the comparison between the torque directions and plate motions for plates wiLh small velocities and torques, the vectors have been normalized to unit length in Figure 6 . In Figure 7 the length of the vectors reflects the absolute magnitudes.
As discussed by Richardson [1992J, there is a very strong correlation between the ridge torque directions and the azimuth of the absolute plate velocities. This is particularly tIlle for the North American, South American, Pacific, and Indo-Australian plates. Large topography torques exist in the Eurasian, Indo-Australian, North American, and South American plates. In con· trast to the ridge torque directions, the topography torques act at a large angle to the plate motion directions. In the case of the total potential energy torques, there is a strong correlation between the torque directions and the azimllths of the absolute plate velocities. The relationship between the torque directions and the plate motions demonstrates that while topographic forces are certainly an important sources of stress, midocean ridge torques would seem to play a more important role in the plate-scale dynamics.
Tectonic Reference State
The concept of a tectonic refercnce state (TRS) has proved useful in evaluating the contribution of lateral density variations to the intraplate stress field [e.g., Zhou and Sandiford, 1992J. ln general, a lithospheric column in potential and isostatic balance with the TRS will remain undeformed in the absence of external forces. A number of studies of continentaJ deformation have nsed the concept of the TRS to illustrate the importance of potential energy (or buoyancy forces) changes which accompany lithospheric deformation [e.g., Houseman and England, 1986; Sonder et al., 1987; Eng/rind and Houseman, 1988, 1989; Zhou and Sandiford, 1992J. Table 6 ) and the a.b!:;o\ute plate velocity poles. Plate velocity information is from Minster and .lardan [1978] for the Indo-Australian plate and from NUVEL-l [Gripp and Gordan, 1990] , 1983; Crough, 1983; Houseman and England, 1986; England and Houseman, 1988, 1989; Sander et al., 1987; Zhou and Sandiford, 1992] . The difference in definitions amounts to about 1.2 x 10 12 N m-l. Some uncertainty in these calculations is obviously introduced by our inadequate knowledge of the density structure of the lithosphere. While independent constra.int!>from the geoid anomalies associated with continental margins provide a way to estimate the mean density of the continental crust, it remains the least constrained parameter. However, it has been shown that the global and platc mean potential cnergies are insensitive to the assumed continental crustal density. Thus this definition of the TItS can be considered to be robust.
Alllbient Stress State
The intraplate stress field in slow moving plates which are surrounded by mid-ocean ridges may be expected to approximate the ambient stress state [Crough, 1983] . For the first-order potential energy distribution considered in this study, regions of tectonic tension and compression can be related to the difference between the potential energy of a lithospheric column and the TRS. We note that this may not be true for the st,ress state in the case where there is significant variation in the mechanicaJ strength of the Iithosphere [e.g., Fleit()ut and Froidevaux, 1982, 1983] . Such effects can be considered as second~order and are not addresses in this study. We have shown that the potential energy of the mid-ocean ridges is in excess of the mcan plate potential energy with the difference .ó.UI approximately equal to 1.2 x 10 12 N m-I for plates containing a large amount of continental lîthosphere. Consequently, in the ambient state the ridgcs and much of the ridge flanks can be expected to exhibit an extensional stress regime with the max..Îmum horizontal compressive stress directiou 8H,max oriented parallel to the ridge axis. Correspondingly, the direction of maximum tension will be aligned with the gradient in potential energy and hence with the gradient in bathymetry. The difference between the potential energy of the miù-ocean ridges and the global mean can be used to constrain the contribution of the ridge push force to the intraplate stress field. Although the ridges have an excess potential energy over the old oeean basins of about 2.6 x 10 12 N m-t , the compressional foree witnessed by old ocean basin lithosphere in the ambient state must be somewhat less, since it reflects the potential energy difference relative to tlle plate mean (that is, /:::..u¡ which is about -1.4 x 10 12 N m-I for old ocean basin) and not relative to the ridge. Similarly, while the ridges have potential energy in excess of much of the continental mass with low elevations, it is potential energy relative to the plate mean (and not the ridges) that dictates the ambient stress state in the continents. The implication is that for reference continental crustal densities in the range of 2750 kg rn-3 the ambient stress state in the exposed wntincntal mass shoul d be extensional (or strike slip). Because large regions of compression are thought to be the dominate state of stress in most of the continental plates, particularly in eastern North America and western Europe [ZQback and Magce, 19!H; Zoback et al., 1992] , this conclusion suggests that other sources of tectonic stress (i.e., plate boundary forces) play an important role in the nature of intraplate stress field in these nonambient plates.
Appendix A
In this appendix we present the closed-form solutions for the potential energy for each of the lithospheric types, subject to the constraints outlined in the text.
For young oceanic lithosphere the potential energy is given by 
8=(1+~)
Appendix B
We make the assumption that regions of elevated topography in the contincnts are supported mainly by thickened crust caknlated on the assumption that the base of the continental lithosphere is everywhere at a constant depth corresponding to Zjso ::: 125 km. In lIIany region~of the continents, elevated topography is likely to be supported by thinned mantle lithosphere, with or without thickened crust.
In order to evaluate the errors in the potential energy calculations introduced by this approximation, the approach of Sandiford and Powell [1990J is adopted. In this case, the difference in potential eIlergy of two lithospheric column in isostatic equilibrium (subject to the const.raints adopted in this paper, i.e., no internai heat production) can be approximated by where fe and f¡ are the ratios of the thickness of the crust and whole lithosphere for the two columns (taken relative tú the reference column against which the potential energy difference is to be measured); tP is the raLÏo of crustal to whole lithospheric thickness in the reference column; and Zc is the thickness of the crust in the reference column (in this formulation the approximation that CY.pr. = apm was used). In order to evaluate the effect of the isostatic support mechanism, we compare the potential energy difference t1Uh between a lithospheric column with thinned lithosphere and a reference lithosphere with a base at Ziso = 125 km km.
(B2)
with the results for elevations in the range h = 1000-3000 m shown in Figure BI 
